During the 4 years following the nuclear power plant accident of 2011, 39 males and 77 females were diagnosed with or suspected of having cancer based on the first-round thyroid examination of the Fukushima Health Management Survey (FHMS) targeting residents aged <19 years in Fukushima. Prior comparisons between the observed data and Japan's National Cancer Registry (NCR) data suggested that this incidence might be excessive, but such comparisons are problematic because they need not only to adjust index unit (prevalence proportion vs incidence rate), but also examine characteristics (complete enumeration mass screening for the aged 0 to 18 years vs detections in clinical settings for all the residents) and sensitivity of the examinations. The purpose of this study is to build a common model applicable to any region in Japan under nonaccident conditions, and estimate the expected prevalence based on the numbers of subjects surveyed in the FHMS using a simulation of the sensitivity.
Introduction
After the nuclear power plant accident caused by the Great East Japan Earthquake of 2011, the Fukushima Health Management Survey (FHMS) [1] was conducted to promote the long-term health of young people. The FHMS comprised a basic survey and 4 detailed surveys: a thyroid ultrasound examination, a comprehensive health check, a mental health and lifestyle survey, and a pregnancy and birth survey. The thyroid examination was conducted using a cohort study scheme in which the subjects were monitored routinely (at 2-year intervals in those <20 years old, and at 5-year intervals in those ≥20 years old). It consisted of a primary mass ultrasound screening for all subjects aged <19, and a secondary confirmatory examination (ultrasound, thyroid function, thyroglobulin, urinary iodine, and aspiration cytology if necessary) for the subjects found to be positive for thyroid cancer in the primary examination. [2] The first-round survey was conducted from October 2011 to April 2015 (43 months). It was a complete mass screening of children and adolescents, which was unique and had no precedent.
As a result of the first-round survey, thyroid cancer was detected or suspected in a total of 116 people (39 males and 77 females) among 300,473 children and adolescents. [3] [4] [5] It led to a discussion of whether or not the number of observed prevalent cases was excessive.
From the beginning the prevalent cases has begun to be found, the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) 2013 report [6] stated that among adults, no discernible increased incidence of radiation-related health effects is expected in exposed members of the public or their descendants.
On the other hand, Tsuda et al [7] indicated that a high incidence rate ratio, which was 50 in the highest area, has occurred in Fukushima, but 8 letters which questioned the scientific validity of that article [8] [9] [10] [11] [12] [13] [14] [15] were subsequently published. For example, Takahashi et al [12] argued that they used a bizarre methodology. Tsuda's calculation was based on a formula relating the prevalence, incidence and mean duration, P = I Â D, [16] where P is the prevalence proportion, I is the incidence rate, and D is the mean disease duration. They first assumed a duration D of 4 years as the length between the accident and the detection of cancer by the examination, and secondly calculated the incidence rate as P/D using the observed prevalence proportion P, without checking the equilibrium of the disease pool. In addition, they assumed a mean duration of 4 years without observing the rate of outflow.
Katanoda et al [17] first calculated the expected cumulative incidence number E = 5.2 and compared it with observed prevalent number O = 160.1 for all individuals (E = 1.2, O = 54.8 for males, and E = 4.0, O = 105.3 for females). They pointed out that these observed numbers might be due to overdiagnosis given the O/E ratio of 30 Their studies contain a comparison between the number of prevalent cases observed by the FHMS and the number of incident cases in the National Cancer Registry (NCR). We believe this comparison should resolve 3 essential points: first, the FHMS data show the prevalence proportion whereas the NCR [18] data give the incidence rate, which are not comparable directly. Second, the FHMS thyroid examination data were obtained by complete enumeration mass screening for those aged 0 to 18 years, whereas the NCR data were obtained as a result of routine detections in clinical settings for all people, without an age-range selection. Third, the sensitivities of both the primary ultrasound examination and the secondary confirmatory examination of the FHMS thyroid examination are unknown. Concerning these points, the comparisons in the Katanoda study did not address the second and third points.
Regarding the second point, making a comparison with a simple unit adjustment between the 2 data sets is not sufficient-especially for comparing between findings made through a mass screening of only young subjects and those made through a cancer registry including many adults. Thus, a tool to combine them is necessary, such as a model of disease progression of thyroid cancer. For the model of disease progression, the sojourn time, that is, the length of time needed for cancer to progress between being detectable by an examination and being detectable clinically, is a key concept. Several papers have dealt with sojourn-time model structure. For example, Day and Walter [19] proposed a model (the DW model) for evaluating breast cancer, and Michalopoulos and Duffy [20] used it to study the overdiagnosis of breast cancer in Norway. The DW model is structured by 2 functions (the incidence function of detectable incidence and the probability density function of the sojourn time).
Regarding the third point, the sensitivity of the thyroid examination in Japan, there have been previous reports of the sensitivity being 0.57 to 0.86, [21] 0.40 to 0.44, [22] and 0.29 to 0.87. [23] Regarding the detection proportion, Miyazaki et al [24] reported that it was 0.38% for a population with an average age of 50 years, whereas a proportion of 0.023% was reported following a mass thyroid ultrasound screening survey of children from 3 Japanese prefectures (Aomori, Yamanashi, and Nagasaki). [25, 26] In contrast, the NCR data [27] for the same age categories indicate a value of 0.002% in the Katanoda study. [17] As for the sensitivity of the examination in the FHMS, there were no previous data and no reflected mass screening data in this survey. A simulation of the sensitivity would be helpful.
To investigate this, we first built a common cancer-progression model of thyroid cancer progression using the DW model, which is applicable to any prefecture in Japan under the condition of no disasters or accidents. Second, we estimated the number of expected detectable thyroid cancer cases based on the cancerprogression model with the Fukushima population and the participation proportions for the first-round FHMS examinations.
Methods
2.1. Cancer-progression diagram, and the definitions of "detectable incident," "clinical incident," and "sojourn time"
We considered a natural cancer-progression diagram (Fig. 1) . We first assigned the time T p to represent the time that cancer emerged in the body as a detectable incident. The cancer progresses and is detected in clinical practice at T C (i.e., clinical incident). In the diagram, we defined a "detectable incident" as the emergence of a tumor in the body, which is slightly different from the traditional definition of the emergence of a tumor being detectable by examination. We did this to avoid the ambiguity of the traditional definition that the emergence of a tumor depends on the detection ability of the examination equipment. Our definition enables us to classify undetected cases with tumors as false negatives. We also defined a "clinical incident" as the detection of a tumor in a clinical setting, which includes detection during the subject's annual health examination or while visiting a doctor. We defined the "sojourn time" as the length of time between the detectable incident and the clinical incident in the natural history of thyroid cancer in the diagram. Here, the actual value of the sojourn time and its individual variation are typically not known.
Subjects and data analysis
To determine the clinical incidence rate of thyroid cancer just before the Fukushima nuclear power plant accident in March 2011, we used the number of age-specific cases in the NCR data [27] collected between 2001 and 2010 for both genders as representative recent values, and the corresponding age-specific populations based on the nationwide census data collected between 2001 and 2010 (observational study). With 18 five-year age-specific categories (0-4, 5-9, . . . , 85+ years of age), we calculated the average age-specific incidence rate between 2001 and 2010 using the total number of incident cases divided by the corresponding averaged annual population (averaged personyears) for both genders under the assumption that the incidence rates were the same through 2001 to 2010. The NCR data were collected from a total of 125 to 126 million people, and the number of incidences of thyroid cancer (ICD-10:C73) ranged from 7800 to 13,700. [25] The number of age-specific incident cases and those of the corresponding population are fully available on the Internet at the following URL: http://ganjoho.jp/ reg_stat/statistics/dl/index.html (In Japanese).
The DW model and an extended cancer-progression model
The DW model has been applied to periodic screening data, but not to the type of data we were working with, namely the single screening data and annual incidence rates given in the NCR data. It was necessary to convert the annual age-specific incidence rate to data based on age categories determined by birth cohort. So, we extended the DW model's estimation procedure to add survival probability in order to perform this conversion. The formulation of the DW model and its extension are described in the Appendix in detail. The extended cancer-progression model is, as result, the same as the DW model,
In our model, it is
With this model, we obtain not only the incidence rate at time t but also the prevalent proportion at t s ,
Estimation of the number of expected prevalent cases using the cancer-progression model with simulation for the first-round thyroid examination in Fukushima
The subjects were Fukushima Prefecture residents aged 0 to 18 years at the time of the March 2011 nuclear power plant accident: 188,523 males and 179,149 females. Of these, 151,685 males and 148,791 females underwent the primary ultrasound examination. The number of participants and the participation proportions are listed in Table 1A and B. We applied 19 categories of age at the earthquake, [0,1), [1, 2) , . . . , [18,∞) , where [x,x+1) for x = 0,1,2, . . . , 17 represent age categories of x Table 1 Estimated prevalence and proportions undergoing the primary screening and confirmation exam by gender and age. where N x+0.5 is the number of is participants, P(x+0.5) is the expected prevalence proportion determined by the model (formula (3)), and Q ð1Þ ½y x ;y x þ4Þ ; Q ð2Þ ½y x ;y x þ4Þ are the primary and confirmatory participation proportions of people whose ages are in [0,4), [5, 9) , [10, 14) , [15, 19) , [20,∞) , respectively. Thus, the expected number of prevalent cases E for the FMHS's first-round thyroid examination is given as
where E x+0.5 is as described in formula (4). Because the sensitivities for both the primary mass screening examination Sen 1 and secondary confirmation examination Sen 2 are unknown for both genders, we submitted the sensitivities of the examinations, that is, 0.5 to 0.9 for the primary mass screening and 0.8 to 1.0 for the secondary confirmation examination, and both sensitivities were 1 in the simulation. The expected detected cases at age t and their 95% CIs are calculated using the equation. The approximate 95% CIs of the expected prevalent cases were estimated through a Poisson approximation of the binomial distribution.
Ethics
Because we used only summarized data, no ethical review by an institutional review board was necessary for the study, according to the Ethical Guidelines for Medical and Health Research Involving Human Subjects, Japan. [28] 3. Results 
Model estimation
The age-specific incidences based on the model and the NCR are shown in Figure 2A and B. Nearly all of the model-based incidences fell into the 95% CI range of the incidence values based on the NCR for both genders.
We confirmed that it was the most appropriate estimator by checking whether it attained the local minimum among the sets of parameters by changing the age range and median sojourn time, with the results shown in Tables 2 and 3, respectively. 3.2. Estimation of expected prevalent cases by the cancer-progression model with simulation for the firstround thyroid examination in Fukushima
The estimated age-specific prevalence based on the cancerprogression model was shown in the rightmost column of Table 1A for males and 1B for females. The expected detectable cases were estimated based on the cancer-progression model using the values in Table 1A and 1B, and several pairs of sensitivities for the primary screening and confirmation examination are tabulated in Table 4 for both genders.
The 39 observed prevalent cases of males fell within the 95% CI with the following patterns of sensitivity values for the 
Discussion
We were able to build a cancer-progression model in which the detectable incidence can be compared with the clinical incidence provided by the NCR. In our present application of the model to Fukushima Prefecture, we included the observation of 39 males and 77 females in the first-round FHMS survey in the 95% CI of the model-based detectable incidence for some sensitivity values, which meant it would be likely that the current number of thyroid cancer cases was not excessive but rather was within the ordinary range estimated by the NCR for those sensitivity values. In this research, we only used published NCR data, and we built a radiation-free model, which is applicable in any region in Japan.
Model estimation
For thyroid cancer, we were able to use the common progression model from the time point of the emergence of tumors in the body to their clinical detection by extending the estimation procedure of the parameters in the DW model. In our model, the modelbased clinical incidence and the NCR fit well in the sense that all of the rates were included in the 95% CIs. The choice of the exponential function for J(t) and the log-normal distribution of f Table 3 RMSEs of the various median sojourn times in the various age categories. (y) is essential in our study. These functions are both simple and easy to understand. A sojourn time exceeding the life expectancy can be considered latent thyroid carcinoma. To express the possibility of a long sojourn time for thyroid carcinoma, we applied a log-normal distribution. For children and adolescents aged 18, the clinical incidence rate is low. The assumption of high probability for short sojourn times is unrealistic; we considered that a log-normal distribution of unimodal distribution with skewness to the right is appropriate. Of course, other models and estimation procedures can be considered, but our results based on this model provided important information for future use. For the natural history of a disease, model descriptions with a transition probability might also be valid. For example, Duffy et al's work with the Markov chain model [29] might be applied to this topic. We did not apply this model in the present study because of the lack of periodic screening data for thyroid cancer in children and adolescents and their later history.
We selected the highest age categories (30-34) for males and (35-39) for females based on the RMSE for each gender. They were similar, which implies that cases in individuals over 40 years involve different characteristics (i.e., competing risks), which are similar between genders, for their incidence.
The fitting of the model-based incidence to the clinical incidence was good for each gender (Fig. 2) . The slight gaps at 20 to 24 and 25 to 29 years might be related to hormonal factors in females.
Interpretation of sojourn time
With regard to the estimated median sojourn time of 34 years for males, an individual's body will grow and tumors will be detected clinically with random variation following a log-normal distribution of a median of 34 years. We consider that the sojourn time includes cases in which the tumors "regress," "remain indolent" or are "undetected throughout an individual's lifetime." If no regression occurs or no remaining indolent cases occur, the sojourn time would be shorter. If a tumor is undetected throughout an individual's lifetime, the sojourn time would become longer.
With regard to the issue of differing ages at diagnosis, we consider the age at diagnosis to be independent of the sojourn time. There are many cases in which a thyroid tumor is not found while the individual is alive but is discovered during the individual's autopsy as latent cancer. [30] If the patient died of another cause at 80, the median sojourn time was considered to be 42 years.
Simulation study of the estimation of expected detectable cases in Fukushima with the cancerprogression model
This cancer-progression model for thyroid cancer is applicable to any area in Japan, and it is independent of the effect of accidents and natural disasters. In this study, we applied only the total number of subjects and participants in the FHMS to the model. As a simulation, the number of actual observed cases were included in the 95% CI of the expected detected cases estimated by the model with several sensitivity values. The results indicate that these observed cases in FHMS were realistic or not excessive under the implementation of thyroid cancer screening examinations with several sensitivity levels in ordinary radiation-free situations.
Interpretation of the results
The numbers of expected prevalent cases estimated to be detected by a thyroid examination were 49.3 for males and 141.1 for females when the sensitivity values of the primary mass screening and secondary confirmation examinations were both 1. These are the numbers of prevalent cases in Fukushima that are detectable by the screening examination.
This study indicated a prevalence of 0.026% for males and 0.079% for females. Although there are only a few reports on the prevalence of thyroid cancer, the mass thyroid ultrasound screening survey of children from 3 Japanese prefectures [26] showed a rate of 0.023% in children and adolescents aged 3 to 18 years old. Miyazaki et al [24] reported that a health-screening ultrasound examination revealed a thyroid cancer prevalence of 0.38% in adults. Considering that our present study's subjects are children and adolescents, our prevalence rate would not be considered high.
Though high sensitivity is generally desirable in medical examinations so as to detect cancer at an early stage, the screening for thyroid cancer is not simple. Although the natural history of thyroid cancer has not been well studied, it is known among specialists that thyroid cancer progresses very slowly. Thus, fine-needle aspiration cytology (FNAC) is not thought to be necessary for the definitive detection of a thyroid tumor, and the detection of thyroid cancer may tend to be suppressed [31] because people consider the early detection of thyroid cancer by ultrasound to be prone to overdiagnosis. The clinical guidelines for thyroid nodules issued by the Japan Thyroid Association [32] state that the recommendations for conducting FNAC are as follows: if the size >20 mm; if the size >10 mm and some sort of cancer is suspected as a result of the ultrasound examination; and if the size >5 mm and cancer is strongly suspected as a result of the ultrasound examination, for example. On the other hand, the American Thyroid Association guidelines recommend that FNAC should not be used for tumors <10 mm in size [33] even if cancer is strongly suspected. [34] This recommendation means that some cases with tiny amounts of thyroid cancer are classified as cancer free by the ultrasound examination (the occurrence of false negatives), which is a factor in reducing the sensitivity of the ultrasound examination.
Special attention to false negatives is necessary to discuss the presence of disease from either viewpoint, biological, or diagnostic. There are cases of thyroid cancer that emerge biologically in the body that cannot be detected by the examination. The thyroid ultrasound examination protocol based on the Japanese clinical guidelines adopts severer criteria compared to those used in the United States and Korea, which have high rates of detection. [35] A Korea study [35] showed increasing incidence rates, while mortality remained constant. The authors concluded that this phenomenon was based on overdiagnosis. In Japan, there is a possibility that the current guideline is a factor contributing to overdiagnosis. Carefully defined guidelines for the detection of thyroid cancer, especially in children and adolescents, would be necessary to avoid this problem.
In the present study, actual observed cases in males were included in the 95% CI with several patterns of sensitivity values for the primary and secondary examinations. Although the exact sensitivity values of the examinations are unknown, the common sensitivity values including the actual prevalent cases were (0.8, 0.8), (0.7, 0.9), and (0.6, 1.0) for both genders. As the falsenegative rate for the confirmation examination is low, the latter 2 pairs of values might reflect the thyroid ultrasound examination in Fukushima.
We considered the 10-year period of 2001-2010 in order to stabilize the random fluctuation of the age-specific incidence data, because the incidence values of the age categories 0 to 4, 5 to 9, and 10 to 14 years old were very low. We considered that an approximately 10-year period would be preferable to represent the state immediately before the occurrence of the nuclear power plant accident.
Limitations and future research
First, with regard to developing the cancer-progression model, we applied only 1 function system (the exponential function system for J(t) and the lognormal distribution system for f(t)). As described earlier, examinations with other function systems in the model are possible, and these will be performed in future research.
Second, no detectable incidence J(t) could be observed, which is an important problem. Though there is uncertainty in the model, we assumed that the trend of detectable incidence was parallel to that of clinical incidence, which is considered an effective method. Third, we were not able to clarify the sensitivity of the ultrasound examinations, which is also an essential problem. If we obtain routine data, however, it will be possible to estimate the sensitivity.
Despite these limitations, our study and its results will help further clarify the natural history of thyroid cancer and the detection of thyroid cancer by ultrasound examinations. On the other hand, as second-round and third-round data are now being added to the database, this accumulation of data will make more detailed epidemiologic studies possible in the future. Our findings will also be useful in future research on the necessity of performing ultrasound examinations in suspected cases of thyroid cancer.
Conclusion
We successfully built a cancer-progression model of thyroid cancer based on Japan's NCR data under no accident conditions. It is a tool for comparing the observed prevalence data of examinations and the NCR data, which resolved 3 issues of index unit, the characteristics and sensitivity of the examinations. Simulation results imply that the number of observed thyroid cancer cases can be detected by the FHMS first-round thyroid screening at several sensitivities under no accident conditions.
An extension of the DW model
We consider the survival probability of the general population at age t S(t) (S(0) = 1) and obtain the conditional survival probability S s ðtÞ ¼ SðtÞ SðsÞ of which detectable cases at age s would live until the onset of clinical incidence at age t (sojourn time: t À s). Here we defined the size of the population at age s as n s (s = 0,1, . . . ,t), which is constant by year (steady state). We obtain S s ðtÞ ¼ n t ns . We also expressed clinical incident cases m s at age s in a year who become detectable at s, survive through the time interval t À s, and are found as clinical incident cases at t. In this situation, the incidence rate I(t) by year unit, is IðtÞ ¼ m0þm1þÁÁÁþmt nt
. Here, we consider the probability that detectable incident cases are alive until clinical detection, m s =W s (t) Â (n s Â J(s)f(t À s)), where W s (t) is the survival probability of detectable incident cases at age s until the age of clinical detection t. So we obtain 
